Abstract -Graphene provides a new opportunity for thermoelectric study based on its unique heat transfer behavior controllable by a gate voltage. In this paper, an effective thermal conductivity model of graphene for thermoelectric cooling is proposed. The model is based on a double-voltage-control mechanism. According to the law of Fourier heat conduction, an effective thermal conductivity model of the proposed thermoelectric cooling device is derived taking a tunable external voltage into account. Then, a gate voltage is used which can change graphene's thermoelectric characteristics. To verify the correctness and effectiveness of the proposed model, a circuit simulation model using HSPICE is built based on the thermoelectric duality. The simulation results from HSPICE and the calculated results from the mathematic model show good agreements with each other. This paper provides a novel precisely controlling method for thermoelectric cooling.
the system performance. Especially, the so-called local hot spots produced by the nonuniform power density distribution on chips can even physically destroy electronic components due to the extremely high temperature. A statistic report in [4] demonstrates that more than 55% of the electronic equipment failure is attributed to this over-heat problem. With the surface temperature increasing, the component failure rate increases dramatically, which is a significant threat to the entire system. Therefore, solving this thermal issue is a life-saving task for SoCs.
Thermoelectric cooling is a new type of refrigeration technology utilizing the Peltier effect to create a heat flux between the junction of two different types of materials. A thermoelectric cooling device (TEC) can transfer heat from one side of the device to the other with consumption of electric energy. It has the advantages of small size, lightweight, no noise, long service life, and easiness of controlling and integration [5] . Due to these advantages, thermoelectric cooling can provide a promising solution to the over-heat problem in SoCs.
The thermoelectric figure of merit ZT representing the ability of a given material to efficiently produce thermoelectric power is given by
which depends on the Seebeck coefficient S, thermal conductivity k, electrical conductivity σ , and temperature T . Generally, a material with high figure of merit ZT is preferred to be used in TEC designs. Although naturally existed thermoelectric materials usually have fixed thermal conductivity properties, works have been done to reduce the thermal conductivities by introducing phonon scattering [8] [9] [10] . Phonons can be scattered within unit cells by point defects [11] or at interfaces using nanostructuring technologies [12] [13] [14] [15] [16] [17] . For example, in 1993, Hicks and Dresselhaus [16] demonstrated a fact that the thermoelectric figure of merit ZT of some materials can be significantly enhanced by preparing the materials in quantum-well superlattice structures. In [17] , a large improvement in the thermoelectric figure of merit ZT of GaAs/AlAs superlattice was predicted compared to bulk GaAs. It is the superlattice structure which reduces the thermal conductivity of the material due to the quantum confinement effect of the phonons. However, the aforementioned methods of changing thermal conductivity are all belongs to the material fabrication process. Once thermoelectric materials or devices are fabricated, the thermal conductivity cannot be regulated anymore in a normal work process. In SoC thermal managements using TEC, it is a basic requirement to precisely control the heat transfer in thermoelectric materials [6] , [7] . The required precisely controlling can be realized by utilizing materials with controllable thermal conductivities.
Recently, graphene has attracted many interests as a new type of thermoelectric material [18] [19] [20] [21] . Besides other properties that make graphene a good thermoelectric material as described in [21] , its electronically tunable thermal conductivity is desperately desired by the thermal management in SoCs to enable a precisely heat transfer controlling. Both theoretical studies [21] [22] [23] and experiments [24] [25] [26] demonstrate that the Seebeck coefficient of graphene, which is a key factor in the figure of merit ZT, is quite large. It can reach up to ±100 μVK −1 and can be manipulated by applying a gate voltage on a graphene-based TEC. In [27] , a suspended graphene was presented with a large electric conductivity of σ = 3000 W/mK. However, its thermal conductivity is also quite large, k = 5000 W/mK, which can lead to a small ZT. There have been some works focusing on reducing the thermal conductivity of graphene to enhance the thermoelectric energy conversion efficiency [28] , [29] . Bae et al. [29] observed a fact that when a graphene sheet is applied on a SiO 2 layer, the heat transportation is dominated by the thermal resistance of SiO 2 due to the large size difference; therefore, the thermal conductivity should be replaced by an overall thermal conductance per unit length, which is only 18 W/mK. This is the way that the thermal conductivity can be significantly reduced. In addition, thermal resistance of graphene has been investigated in [30] , showing that the characteristics of the thermal resistance arising from single nanoconstriction is inversely proportional to the constriction width and independent of geometry shapes [30] . These works have paved the way for graphene to be used in thermoelectric cooling.
In this paper, a graphene-based TEC with a double-voltagecontrolled mechanism is proposed. An effective thermal conductivity model of the proposed device is presented. A combination of a gate voltage and an applied external voltage can provide an additional degree of freedom in tuning the thermoelectric properties for SoC thermal management.
II. MATHEMATIC MODEL
A. Theoretical Basis To better understand the working mechanism of the proposed device, fundamentals of thermoelectric cooling were first reviewed, including the Seebeck, Peltier, and Thomson effects. The Seebeck effect is a phenomenon that a voltage difference is produced by a temperature difference between two different conductors or semiconductors. Peltier effect, on the contrary, is a phenomenon that a temperature difference is created by applying a voltage between two electrodes connected to a sample of semiconductor material. Thomson effect is a continuous version of Peltier effect when having a gradient in the Seebeck coefficient. These three effects are the basic working mechanisms of the proposed TEC.
According to the first law of thermodynamics, the temperature distribution on the surface of a thermoelectric material can be determined by
where C P , T a , K , S, J e , and σ are the specific heat per unit volume at constant pressure, absolute temperature, thermal conductivity, Seebeck coefficient, coupled charge current flux, and electrical conductivity, respectively. Compared to the traditional heat conduction equation, a mathematical term
. This term comes from the Thomson effect suggesting that distributed heating or cooling can occur even in the same solid due to the temperature dependence of the Seebeck coefficient. However, this paper is focused on low-temperature systems within the thermal conduction for thermoelectric cooling, therefore, the influence of the Thomson effect can be neglected [31] . At low temperatures, impurity scattering, defect's scattering, and phonon-phonon scattering are the other factors that affect thermal conductivity [32] [33] [34] [35] [36] . The contribution of phonons only matters when temperature is high [36] , [37] . This paper only considers room-temperature situations with a small temperature variation. Therefore, the effects of the scattering mechanism and the contributions of the phonon on thermal conductivity are neglected, so that the thermal conductivity can be taken as a constant with a varying temperature.
With an external voltage V EA applied on the thermoelectric device as shown in Fig. 1 , an energy of STI is generated, leading to a heat difference between the two sides of element according to the Peltier effect. Meanwhile, the cooling effect is opposed by the heat conduction at the rate of k gr s gr T /l gr .
Considering the fact that half of the Joule heat (I 2 R gr /2) passes to the sink and the rest to the source, the heat transport in both sides of the TEC can be written as
where Q c , Q h , k gr , s gr , l gr , T c , T h , R gr , and I are heat transfers at the cool side and hot side, thermal conductivity, material cross-sectional area, length of the material, temperature at both sides, resistance, and electrical current, respectively. T = T h − T c is the temperature difference between the hot and cold sides. The current that flows through the proposed TEC depends on the resistance and the applied voltage V EA as
For a small TEC, it can be seen as one thermoelectric material when studying the overall thermal behavior. According to Fourier's law of conduction, the equivalent thermal conductivity of the entire thermoelectric cooling system is given by
Note that the heat transfers on the two sides of TEC are not equal. The equivalent heat transfer of the entire TEC is calculated by
By solving (2)-(7), the effective thermal conductivity k eff can be obtained as
where T is average temperature T = (T h + T c )/2. Since an employed TEC usually have fixed physical size and other thermoelectric parameters, it is then can be concluded from (8) that the effective thermal conductivity can be controlled by V EA .
B. Controlling the Seebeck Coefficient and Square Resistance of Graphene
Unlike other materials, graphene's Seebeck coefficient and square resistance can be manipulated by applying a gate voltage V G , as shown in Fig. 1 . The main contribution of this paper is to utilize this property to get a fine tuning of heat transport with the proposed graphene-based TEC.
Following the definitions of charge density and Fermi level, the closed-form approximation of the Seebeck coefficient in graphene was derived from the semiclassical Mott relationship considering the effect of the gate voltage on carriers [39] . The obtained Seebeck coefficient S is
where T , k B , v F , , q, and n 0 are the reference temperature, Boltzmann's constant, Fermi velocity, reduced Planck's constant, electron charge, and carrier density, respectively. According to [38] , the carrier density n 0 is equal to 1.8 × 10 11 cm −2 . C ox = ε 0 ε r /t ox is the capacitance per unit area (quantum capacitance can be neglected here [40] , [41] ), where ε 0 , ε r , and t ox are the vacuum dielectric constant, relative dielectric constant, and thickness of the base, respectively. Fig. 2 shows the variations of the Seebeck coefficient S with V GD at different temperatures. When V GD = 0 (V G = V D ), the Seebeck coefficient is near 0 and the material behaves like a conductor. With the absolute value of V GD increasing, the Seebeck coefficient first increases dramatically, then decreases a little bit, and eventually approaches a stable value.
Considering the effect of the gate voltage on carriers, the square resistance is denoted by simple form R sq , which is consistent with the model in [38] 
where μ = 3230 cm 2 /V·S is the mobility. The variation of the square resistance with V GD is also shown in Fig. 2 as an inset. As shown in Fig. 2 , the square resistance increases with V GD . Since both the Seebeck coefficient and square resistance of graphene change with the gate voltage, it is concluded that the effective thermal conductivity can be controlled by changing the gate voltage.
C. Double-Voltage-Controlled Model
Since both the gate voltage V G and externally applied voltage V EA can affect the thermal conductivity and these two voltages are independent, an effective double-voltagecontrolled thermal conductivity model of graphene is proposed. Substituting (9) and (10) into (8), the thermal conductivity can be obtained as
− k gr (11) where th gr is the thickness of graphene. Modulating the gate voltage V G added to the graphene is to tune the Fermi energy and to change the hybridization. This way, the Seebeck coefficient and square resistance can be modulated. Changing the externally applied voltage V EA is to change the working condition of the TEC. Both the modulations of V G and V EA can alter the equivalent heat transfer Q TEC through the proposed TEC and the temperature difference T . 
III. HSPICE ELECTRICAL MODEL
The HSPICE model of the proposed TEC is presented in Fig. 3 according to the settings in [42] and [43] . As shown in Fig. 3 , T c , T h , Q h , Q c , and R th represent the cold junction voltage, hot junction voltage, hot junction controlled current sources, cold junction controlled current sources, and thermal resistance of the proposed TEC, respectively. P e and P x are the equivalent electrical input powers. They can be expressed as
The electrical behavior in the model is caused by the Seebeck and Joule effects, therefore, the externally applied voltage can be described as
IV. RESULTS AND DISCUSSION
In the simulations of the HSPICE model, the basic settings are the same with those in the works [43] , [44] , where T h = 300 K and Q c = 0 W. In this paper, the lateral air radiation and heat conduction is neglected due to the small environment parameter variations in the process of model construction. The simulated variations of the effective thermal conductivity k eff with V EA and V GD are shown in Fig. 4 . Fig. 4(a) shows the temperature difference T and the effective thermal conductivity k eff with V EA changing from 0 to 0.03 V. Note that, V GD was set to be −30 V in the simulations. As shown in Fig. 4 , both the temperature difference T between the hot and cold junctions and the effective thermal conductivity k eff becomes larger with the increase of the V EA while V GD is fixed. Note that, the effective thermal conductivity k eff is very sensitive to V EA . With only a small variation of V EA (0.03 V), the value of k eff spans from 0 to 1000 W/mK. Therefore, changing V EA can be used as a coarse tuning of the effective thermal conductivity. Fig. 4(b) shows the effective thermal conductivity k eff as well as the Seebeck coefficient S with V GD varying from −50 to −10 V. The results were obtained with V EA = 0.03 V. As observed in Fig. 4 , the effective thermal conductivity k eff decreases when V GD increasing from −50 to −20 V and then increases dramatically when V GD increasing from −20 to −10 V. The Seebeck coefficient has an opposite trend. It can be observed that k eff is much less sensitive with V GD than with V EA . There is a small variation of only 650 W/mK (from 1600 to 950 W/mK) when V GD increases from −50 to −20 V. Therefore, changing V GD can be used as a fine tuning of the effective thermal conductivity.
To have a more intuitive understanding of how the effective thermal conductivity k eff changes with V EA and V GD , the results are illustrated in 3-D format, as shown in Fig. 5 . Based on the proposed double-voltage-controlled working mechanism, an effective thermal conductivity k eff from 0 to 2200 W/mK can be realized with coarse tuning and fine tuning.
To validate the accuracy of this paper, the results calculated from the mathematic model proposed in Section II are compared with those obtained from the circuit simulation of the HSPICE model proposed in Section III. Fig. 6(a) shows the effective thermal conductivity k eff obtained from the two models when only V EA is used in controlling and V GD is fixed at −30 V. It is observed that the results from mathematic model and HSPICE model agree very well with each other. The maximum discrepancy is only 4%. Fig. 6(b) shows the effective thermal conductivity k eff as well as the Seebeck coefficient S obtained from the two models when only V GD is used in controlling and V EA is fixed at 0.03 V. It is noted that, when modulated by V GD , the discrepancy between the proposed mathematic model and HSPICE model gets larger as V GD increases from −30 to −20 V. Note that, the Seebeck coefficient should remain stable so that graphene can work properly as a thermoelectric semiconductor, which requires V GD ≤ −25 V. The discrepancy between the results of the two models is within 15% with V GD ≤ −25 V, which is still acceptable. This validates the accuracies of the proposed models. As mentioned previously in Section I, the SiO 2 layer can have significant effect on the thermal conductivity of the entire device due to its relatively larger size. The thermoelectric figure of merit ZT of the graphene with changing V GD is calculated and plotted in Fig. 7(a) considering the effect of the SiO 2 layer. As shown in Fig. 7 , ZT decreases dramatically when V GD is close to −10 V. To have a good thermoelectric performance, the absolute value of V GD needs to be high. Meanwhile, ZT also increases with the temperature rising. Given the fact that the Si substrate is much thicker than the graphene sheet as shown in Fig. 1 , here we remark that the heat transport is also affected by the Si substrate due to its good heat dissipating path. Therefore, the graphene can be seen as a 1-D diffusive heat transport channel, where both the junctions are treated as point sources for dissipating and SiO 2 acts as a path for heat to flow from the graphene into the Si thermal bath. Thus the thermal conductance should be replaced by an overall thermal conductance per unit length, k o = 1/[L HL (R OX + R Si ) ≈ 18 W/mK, where L HL = (t ox th gr k/k ox ) 1/2 ≈ 0.2 μm is the healing length which is a measure of the temperature diffusion from a heat source along the graphene [29] , [45] . The impact of V EA and V GD on the modified effective thermal conductivity k es is illustrated in Fig. 7(b) in 3-D format.
Comparing the results in Fig. 5 with those in Fig. 7(b) , it is observed that the effective thermal conductivity is significantly reduced. For example, when V GD = −21 V and V EA = 0.03 V, the k eff is 897 W/mK and the k es is only 29 W/mK. However, the variation of the modified effective thermal conductivity k es shares the same trend as that of the original effective thermal conductivity k eff under the control of the two voltages.
V. CONCLUSION
A TEC based on graphene was proposed in this paper. Two voltages V GD and V EA are used to achieve a precise control over the thermoelectric characteristics of the proposed cooling device. A mathematic model based on theoretical analysis was first developed to provide intuitive understanding of the control mechanism. Then, a HSPICE model was built and simulations were conducted. Subsequently, the results from circuit simulation and from mathematic calculation were compared and discussed. Finally, a modified model was derived considering the effects of the substrates. Thanks to the employed substrates, the proposed cooling device shows a significantly enhanced performance. Since 2015, he has been a Faculty Member with the University of Shanghai for Science and Technology, Shanghai, China, where he is currently a Lecturer.
